After making foraging flights of several thousands of kilometres, wandering albatrosses (Diomedea exulans) are able to pinpoint a specific remote island where their nests are located. This impressive navigation ability is highly precise but its nature is mysterious. Here we examined whether albatrosses rely on the perception of the Earth's magnetic field to accomplish this task. We disturbed the perception of the magnetic field using mobile magnets glued to the head of nine albatrosses and compared their performances with those of 11 control birds. We then used satellite telemetry to monitor their behaviour. We found that the ability of birds to home to specific nest sites was unimpaired by this manipulation. In particular, experimental and control birds did not show significant differences with respect to either foraging trip duration, or length, or with respect to homing straightness index. Our data suggest that wandering albatrosses do not require magnetic cues to navigate back to their nesting sites.
INTRODUCTION
Since the seminal report by Jouventin & Weimerskirch (1990) on the impressive foraging flights of wandering albatrosses, it has been suggested that the orientation mechanism underlying such long-range navigation in absence of any topographical cues could be the Earth's magnetic field (Å kesson 1996) . During the breeding season, wandering albatrosses leave their small breeding island to set out on foraging flights. These flights span distances of several thousands of kilometres. Birds may be away from the nest for several weeks, foraging in all quadrants around the island both en route and at their destination (Weimerskirch et al. 1993 (Weimerskirch et al. , 1994 . After such foraging trips over foggy and 'featureless' oceans, however, they are able to return to their home with surprising precision. Unlike migrating birds (Berthold 1991) , albatrosses are not likely to rely on a genetic programme. These programmes specify the compass bearing at different times to navigate between established summer and winter quarters. Genetic programmes cannot, therefore, be applied to navigate between albatrosses' foraging areas and reproductive sites, because the locations of the foraging areas vary frequently.
The idea that an animal can rely on the Earth's magnetic field for orientation purposes is supported by several examples. Passerine birds have been shown to rely on a magnetic compass during migration (Wiltschko & Wiltschko 1972 while homing pigeons become disoriented in sites where magnetic anomalies exist, or when they have magnets experimentally attached to their heads (Luschi et al. 1996; Wiltschko & Wiltschko 1996 ; but see Wallraff 1999) . Among aquatic species, spiny lobsters (Palinurus argus) have been shown to derive positional information from the Earth's magnetic field (Boles & Lohmann 2003) . Moreover, both hatchling and juvenile sea turtles (Caretta caretta) can detect the angle of inclination and the total intensity of the geomagnetic vector (Lohmann et al. 2001 (Lohmann et al. , 2004 . Whether adults use these cues is still under debate (Papi et al. 2000) . While the mechanism underlying magneto-reception is still unknown for any animal, several recent reports have linked this perceptual ability to the visual system (Wiltschko et al. 2002; Ritz et al. 2004) .
In the southern oceans where islands are scarce, wandering albatrosses lack visual topographical landmarks to fix their position, both solar and star compasses are often obscured by cloudy skies. Therefore, albatrosses may use magnetic cues, both for map and compass steps, to find their way over the oceans.
Although evidence for the use of earth-strength magnetic fields is convincing for many animals, the situation with albatrosses is less clear. Å kesson & Alerstam (1998) have investigated whether any combination of different geomagnetic parameters might provide a reliable bi-coordinate map suitable for albatrosses' navigation. Their findings indicate that the use of a geomagnetic bi-coordinate map could be possible only in some areas over the open oceans. Bonadonna, Chamaille-Jammes et al. (2003b) showed that magnetically disturbed black-browed albatrosses, Diomedea melanophris, breeding in the Kerguelen Islands, did not differ significantly from control birds in foraging trip duration, even though birds carrying magnets consistently had longer foraging trips than control birds. In the absence of tracked foraging paths, this result suggests that depriving birds of magnetic cues may impact their initial ability to navigate or forage, but birds are able to compensate for this loss. For example, it is possible that birds become disoriented at first, but shift to a complementary mechanism if the magnetic sense is disrupted. Whether this is true cannot be determined without fine-scale monitoring of foraging tracks. Moreover, black-browed albatrosses perform much shorter trips than wandering albatrosses do, and forage at the limit of the Kerguelen plateau (Weimerskirch et al. 1997) . Thus, one can argue that birds in this particular study were always relatively close to the nesting colony and may have easily been able to shift between different orientation systems, depending on the circumstances (Bonadonna, Benhamou et al. 2003a) . Mouritsen et al. (2003) demonstrated that the attachment of magnets to the head of waved albatrosses, Phoebastria irrorata, breeding on the Galapagos Islands did not affect their orientation abilities. However, there were several problems with this preliminary study. First, magnets were fixed in place such that birds could have compensated for the effect of the manipulation (Wiltschko 1978; Wiltschko & Wiltschko 1996) . Second, most of the birds lost magnets en route (probably before the homing trip, as discussed by the authors), making results difficult to interpret. Finally, subjects tended to begin their homing flights when they were close to the South American coast, which may provide numerous potential cues about their position with respect to the goal. The results of these two studies, hence, do not exclude that magnetic perception can play a primary role in albatrosses' navigation.
In this study we examined the use of magnetic navigation in the most widely ranging seabird, the wandering albatross (Diomedea exulans). We studied birds nesting in the Kerguelen Islands in the Southern Indian Ocean. These birds forage in areas that are completely pelagic with no visible topographical landmarks to aid them in orientation. Islands are scarce in this area (the closest islands are: Heard at 500 km south-east, St Paul and New Amsterdam at 1300 km north-east, Crozet at 1400 km west; the closest continental landmass is Antarctica at 2000 km south). Birds were individually tracked using a combination of satellite telemetry and global positioning to monitor fine-scale movement. We predicted that if birds relied substantially on geomagnetic cues, then disturbing this sense would cause a measurable distortion in their flight paths compared to control birds. In particular, we predicted that homing efficiency (as measured by a straightness index) should be lower, while path tortuosity should be higher in experimental than in control birds.
MATERIAL AND METHODS
(a) General procedures The study was carried out in the Kerguelen archipelago (49.25 S, 70.50 E) . This area is a particularly suitable place for studying orientation abilities of albatrosses because there are no continental land masses in a radius of 2000 km, and islands are rare. During the albatrosses' incubation and brooding periods (March to May 2003), 20 albatrosses were captured at their nests and equipped with platform transmitters terminals (PTT, Argos system) and satellite tracking devices or Global Positioning System (GPS) data loggers (Steiner et al. 2000; Weimerskirch et al. 2002) . Birds were at least 10 years old (mean age of first breeding; Brooke 2004) .
Birds in our experimental group (7 PTT and 2 GPS) were equipped with a cylindrical neodymium magnet, tumbling freely within a PVC container glued on the head (figure 1). Magnets (type Neo35, diameter 4 mm, length 27 mm; Calamit, Milan, Italy) have a nominal residual induction of 1.17-1.22 T. At 15 cm from the magnet, the field is still strong enough to overshadow the natural magnetic field in Kerguelen (ca 48 000 nT). The PVC box containing the magnet was attached to the head feathers of the bird using cyanoacrylate glue. Magnets by themselves have been shown to disrupt magneto-reception in both other birds (homing pigeons; Keeton 1971) and reptiles (hatchling sea turtles; Irwin & Lohmann 2003) . However, birds, when submitted to a fixed disruption of the magnetic field, can compensate for this disruption and thus recover their magnetic compass (Wiltschko 1978; Wiltschko & Wiltschko 1996) . By contrast, allowing the magnet to rotate freely in space imposes unpredictable variations in the direction of the magnetic vector, and thus prevents any possibility of recalibration. Albatrosses were therefore prevented from using a magnetic compass and/or a hypothetical magnetic map. Control birds (8 PTT and 3 GPS) were fitted with similar devices except that the magnet was replaced with a non-magnetic brass bar. Both sexes were evenly represented in each group. After being equipped with the tracking device, treated and control birds were released near their nest. Equipped birds left for their foraging trips in the 2-3 h following this manipulation.
(b) Tracking devices PTT transmitters were 25 g. PTT100 (Microwave Telemetry, Inc.) packaged by Sirtrack Ltd, New Zealand. Location data are obtained once every 2 h with a mean accuracy of about 1 km.
The GPS data loggers (62!32!14 mm) consisted of GPS receivers with integrated antenna and an eight Mbit flash memory operated by a rechargeable battery (NewBehavior, Hardturmstrasse 76, CH-8005 Zü rich; www. newbehavior.com). The loggers were sealed into small, polyethylene bags (thickness 0.4 mm) and were protected by a light waterproof plastic case. The overall weight of this waterproof package, including batteries, was 80 g. Location data were recorded and computed at 1 s intervals for 3 min every hour, with a mean accuracy of about 10 m.
Both devices (less than 1% of the bird's weight) were attached on the back of the bird with marine tape (Tesa number 4651). The analysis of foraging trips was performed at two levels: general (PTT and simplified GPS data, see below) and detailed (complete GPS data).
(c) Defining the homing path It is difficult to distinguish between the outward leg and the inward (homing) leg in a loop foraging trip. Consequently, we were not able to define for certain a point at which a given albatross decided to fly home. Since the homing path should be the most crucial part of the trip for assessing any disruptions to navigation abilities, our first task was to define a homing start point for each bird. The location at which an animal started orientating toward the goal was first determined using a backward path analysis (starting at the goal location and moving backward along the path) as the point where the backward current beeline distance (BD) stops increasing linearly with respect to the backward path length (BL; see figs. 2 and 3 in Girard et al. 2004 for details). The orientation efficiency was computed as the ratio BD:BL (straightness index) measured at this location. This type of analysis assumes that the path length travelled towards a goal is proportional to the BD between an animal's current location and the goal, irrespective of the orientation mechanism being employed (Benhamou & Bovet 1992; Benhamou 2004) . As there exists some subjectivity in visually determining the shift from a linear to a nonlinear relationship, comparisons between experimental and control homing paths based on backward path analysis might be somewhat biased. Thus, to validate our analysis, we repeated comparisons defining alternative homing paths (by other blind criteria) as the last 20, 25 and 30% of the trip. In addition, we analysed the path taken by birds from 90% of the furthest distance from the colony. This allowed us to obtain five unique 'homing' start points for each albatross.
(d) Large-scale tracking data analysis In order to compare the general parameters of the foraging trips, we used path information obtained from both the PTT transmitters and GPS loggers. For this general analysis, we simplified the GPS data by considering only one location per hour.
Considering the foraging trip as a whole, we performed Mann-Whitney U-tests to compare the following parameters between control and experimental birds: foraging trip duration (trip time), total path length (distance covered), maximum BD from the colony and mean flight speed. We also compared the homing portions of the trips between groups by Mann-Whitney U-tests, with respect to the following general parameters: BD, mean speed and straightness index. To determine whether control and experimental birds differed significantly with respect to homing strategies, we compared homing start-point distributions using Hotelling tests. To determine whether the backward path analysis introduces a bias, each comparison between control and experimental birds was performed for each of the five homing criteria.
(e) Fine-scale tracking data analysis We took advantage of the high spatial resolution of the GPS data (obtained at the rate of one location per second for 3 min every hour) to check possible differences between experimental and control birds. GPS data were normalized by spatial 'rediscretization' with a constant step length of 100 m (Bovet & Benhamou 1988 ). This method consists of resampling-interpolating the recorded paths so that any two successive locations are 100 m apart. We then performed a small-scale path analysis by focusing on data sets spanning at least 500 m (five steps), hereafter referred to as 'GPS-sets'. For each of these sets, we measured the local path tortuosity (T) as
where C is the mean cosine of changes of direction (Benhamou 2004) . In addition, for data sets describing the homing path determined by backward path analysis, we measured (both globally and only for night flight) the local orientation performance as the local straightness index D/L, where D is the difference between the initial and final BDs to home, and L is the path length travelled during the 3 min set (Benhamou 2004 ).
RESULTS
All albatrosses returned safely. During our study, most experimental and control birds embarked upon relatively short trips, lasting 50-100 h and covering 1000-2000 km. However, two of the magnet-bearers set-off on trips of 6000-8000 km, travelling in a big loop that eventually brought them back to the nest site. From the point where the birds presumably decided to return home, the flight path was relatively straight (figures 2 and 3). Plastic boxes containing magnets or brass bars were still present on all birds upon return.
(a) Large-scale tracking data analysis General flight parameters of foraging trips were not statistically different between the two treatments except with respect to mean speed. Experimental birds moved significantly faster on average (table 1) . With respect to the homing leg of the flight, we found no significant differences in straightness index, BD, and mean speed between control and experimental birds (table 1). The distributions of start points for homing were also similar between experimental and control birds (Hotelling test F 2,17 !1, n.s.), suggesting that there was no systematic bias in approaching the island due to a particular seamark or a visual property of the ocean. Significance levels are similar across the five homing criteria.
(b) Fine-scale tracking data analysis The homing portion defined by using backward path analysis did not seem to introduce a bias and so we used this method to make comparisons between the two treatments groups. In general, navigational uncertainty is associated with increased tortuosity and meandering of the flight path Roberts et al. 2004) . With only two experimental birds and three control birds equipped with GPS loggers, we were not able to statistically compare experimental and control birds using individual birds as the source of variation. However, such comparisons could be made at the 'GPS-set' level (i.e. irrespective of the individuals involved) provided that Orientation in wandering albatrosses F. Bonadonna and others 491 GPS-sets proved to be statistically homogeneous among individuals of each group. Using ANOVAs, we showed that neither the mean tortuosity (experimental birds F 1-177 Z0.27, n.s.; control birds F 2-234 Z0.00, n.s.) nor the mean straightness index for the homing trip (experimental birds F 1-47 Z2.04, n.s.; control birds F 2-57 Z0.19, n.s.) differed significantly in homogeneity. Similarly, the night parts of the homing trip (experimental birds F 1-20 Z0.13, n.s.; control birds F 2-22 Z0.22, n.s.) obtained for the different birds in each group did not differ significantly in homogeneity. Consequently, we were able to compare control and experimental birds at the GPS-set level to determine a possible effect of magnetic disturbance. Comparing path tortuosity for the foraging trips, we found that control birds moved in more tortuous paths than magnetically disturbed birds did (meanGs.e.: experimental bird 0.19G0.01, control birds 0.25G0.01; F 1-414 Z16.10, p!0.01). With respect to the homing portion of the trip, we also found that the local straightness index differed significantly between the two groups: meanGs.e.: experimental bird 0.58G0.05, control birds 0.41G0.06; F 1-107 Z3.50, n.s. This remained true when considering nocturnal homing flight portions only: meanGs.e.: experimental bird 0.60G0.07, control birds 0.41G0.08; F 1-56 Z1.69, n.s. (figure 3) . Thus, by at least two parameters, birds carrying magnets tended to fly straighter paths than control birds.
DISCUSSION
Our results indicate that magnetic disturbance did not pose major navigation problems to wandering albatrosses foraging over the open ocean. These results support findings of other researchers in suggesting that albatrosses and petrels do not rely exclusively on magnetic cues for long-distance navigation (Benhamou et al. 2003; Bonadonna, Chamaille-Jammes et al. 2003b; Mouritsen et al. 2003) . Moreover, in our experiment shortcomings of the previous works were avoided.
Wandering albatrosses forage pelagically in areas where there are no visual topographical landmarks. Magnetic cues might have a relevant role in their orientation by providing them with a magnetic compass (directional sense) and/or a magnetic map (locational sense). The ability to use these cues could assist albatrosses in behaviours that require precise navigation, as when birds need to fly back to breeding colonies to relieve partners or provision hungry chicks on the nest. Our results, however, suggest that disrupting the magnetic field around a wandering albatross's head has no influence on the ability to home, suggesting that birds use other sensory modalities to acquire locational and directional information. We cannot rule out that albatrosses possess an unidentified organ for navigationally relevant magneto-perception in part of their body, such as the caudal parts, more distant than 15 cm from the magnet, although this appears unlikely in view of recent reports of magnetic sensing through the visual system of migratory birds (Wiltschko et al. 2002; Ritz et al. 2004) .
Birds have been shown to determine directional information using magnetic cues (Wiltschko & Wiltschko 1996) , but other cues also come into play. It is well established that many species preferentially use a sun compass or celestial cues, when available, over the magnetic compass . It is thus likely that wandering albatrosses prefer to use sun-compass orientation even if magnetic cues are available to them. With respect to the sun compass, most of the albatrosses we tested completed their foraging trips under 60-80% of cloud cover (data from NOAA NCEP-NCAR CDAS, http://iridl.ldeo.columbia.edu/SOURCES/.NOAA). It is generally assumed that this amount of cloud cover does not preclude the use of a sun compass. Although there is conflicting evidence that birds of any species can detect the plane of polarization of light (Martin 1991) , the current hypothesis is that even 80% cloud coverage allows birds access to sufficient polarized light to extrapolate the position of the sun in the sky (Phillips & Waldvogel 1988; Cochran et al. 2004) . At night, many species of bird are able to orient using star configurations (Mouritsen & Larsen 2001; . Here, studies have primarily been carried out in migratory species that can be easily manipulated to orient under laboratory conditions where their perception of the night sky can be altered (Emlen 1970; Able & Able 1990) . In contrast to polarized sunlight patterns, star configurations are easily obscured under conditions of near total cloud cover. Still, we cannot rule out the possibility that our albatrosses were able to navigate using celestial cues.
Navigation in albatrosses requires both locational sense (a sense of knowing where one is) and directional sense (a sense of knowing in which direction to fly). Indeed, since wandering albatrosses do not commute between the breeding island and a fixed foraging area, the homing direction is not fixed but largely depends on the bird's immediate location. Since magnets affected magnetoreception globally, our results further suggest that the locational sense is not primarily based on magnetic cues. Indeed, if albatrosses rely primarily on the magnetic map sense proposed for turtles (Lohmann et al. 2004) , and the magnetic detection system is located in the head , we should have obtained some clear effects gluing mobile magnets to the head. Similarly, that homing capacities of pigeons from unfamiliar areas can be completely disrupted by preventing the birds from smelling atmospheric odours indicates that the olfactory map is the principal orientation mechanism for these birds (Wallraff 2001 (Wallraff , 2004 . Unlike the birds of Mouritsen et al. (2003) , our albatrosses had very few opportunities to see land, and none of them approached any of the few islands in that part of the ocean during their trip (the closest approach to the Crozet archipelago, 46.5 S-52.2 E, was 715 km and to Heard Island, 53 S-73.5 E, was 115 km). However, ocean swells, boundaries between water masses or odours gradients might have provided cues for orientation (Bonadonna, Benhamou et al. 2003a) . During the night, albatrosses can no longer rely on potential daylight cues (e.g. sea colour, other birds, etc.). Night vision seems to be poorly developed in the few species that have been studied (Warham 1996) . Chemical cues, or even infrasound (Kreithen 1978; Hagstrum 2000) appear to be best candidates for albatrosses orientation. The possibility that a magnetic sense contributes to a multimodal system for location fixing remains to be shown (Able 1996; Walcott 1996) .
Finally, the head-mounted mobile magnets had no discernible negative effect on homing ability from short and long distances. The fact that two experimental birds homed almost in a beeline from a distance of more than 1000 km over a featureless ocean is a strong argument against magnetic navigation. It is unlikely that the magnetic disturbance produced by our manipulations instigated the long-range flights, since one might predict that such disturbance would also have impaired the successful homing. Moreover, the experimental and control groups did not seem to rely on different strategies to perform their foraging trips. In particular, magnetically disturbed birds did not tend to forage closer to the breeding island to minimize the risk of being lost and did not start their homing flight in areas that were different from the start points of the control birds (as revealed by Hotelling tests).
The lower sinuosity and the higher speed that we observed in experimental birds are unexpected. Experimental birds travelled in straighter paths than control Orientation in wandering albatrosses F. Bonadonna and others 493 birds and this is the opposite of what one would expect if the magnets disrupted navigational ability. Still, the significance of this finding is unknown but this result cannot suggest that experimental birds were less efficient than control birds in orientation. The significance of our findings is twofold. First, our results challenge the idea that magnetic navigation is used as a primary navigational aid by pelagic albatrosses. The second point is perhaps even more interesting: if it is not by means of the magnetic field, how can they do it? What sense or system enables these birds to cross thousands of kilometres for foraging and still find home so precisely? Many Procellariiformes have developed an excellent sense of smell (Nevitt et al. 1995; Nevitt 1999 Nevitt , 2000 Bonadonna & Bretagnolle 2002; Bonadonna, Hesters et al. 2003c; Bonadonna et al. 2004 ) and albatrosses in particular have a well developed olfactory system (Bang 1966; Warham 1996) . Albatrosses and other petrels may rely more heavily on olfactory maps both to forage and in long-distance navigation (Nevitt 1999; Wallraff & Andreae 2000; Bonadonna, Benhamou et al. 2003a; Nevitt & Bonadonna in press ). Thus, we believe that the disregard of albatrosses for geomagnetic cues opens interesting research perspectives for biologists.
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